The degree of unsaturation of membrane lipids of Acanthamoeba castellanii a t 30 "C decreased with batch-culture age. These changes were primarily attributable to a decline in microsomal A12-desaturase activity and in the Wales College of Cardif;, PO Box "*, Cardiff cF1 3TLf UK relative proportion of linoleate. No change in the fatty acid composition, Al2-desaturase activity or any increased incorporation of [l-14C]acetate into polyunsaturated fatty acids was observed following chilling of early-and midexponential-phase cultures to 15 "C. In contrast, chilling of late-exponential and stationary-phase cultures resulted in a rapid and marked increase in the synthesis of polyunsaturated fatty acids. Thus, after 12 h incubation a t 15 "C, the relative proportions of oleate and linoleate in these older cultures were similar to those of early-and mid-exponential-phase cultures a t 30 "C. Despite these differences, an approximately 9.5 h lag in cell division was evident following chilling of both mid-exponential and late-exponential/earlystationary-phase cultures, and the subsequent pattern of cell division over 60 h incubation was similar in both cases. Oxygen uptake rates in cultures of either age were also decreased approximately equally a t 15 "C. In contrast, chilling of mid-exponential-phase cells resulted in only an approximately 44% reduction in the rate of phagocytosis of fluorescently-labelled latex beads, whereas an approximately 98 O/ O inhibition of phagocytosis by late-exponential/earlystationary-phase cells resulted a t 15 "C. Furthermore, a gradual subsequent increase in the rate of phagocytosis a t 15 "C was only observed in the older cultures and was correlated with increases in the fatty acid unsaturation index of these cells. Thus, 12 h after chilling, the cells from late-exponential/earlystationary-phase cultures had achieved rates of phagocytosis similar to those of chilled cells from mid-exponential growth and their fatty acid compositions were now similar. The results suggest a role of membrane lipid unsaturation in the control of phagocytotic activity of A. castellanii.
INTRODUCTION
The soil amoeba Acantbamoeba castellanii is subject to marked spatial and temporal changes in temperature in its natural habitat. The requirement for rapid physiological adaptxtion of this poikilothermic organism to sudden chilling is apparently facilitated by temperature-compensation of certain cellular functions. For example, the ~-
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periodicities of ultradian rhythms in A. castellanii remain almost constant over a temperature range (20-30 "C) which is associated with marked changes in the cell doubling time (Lloyd e t al., 1982; Lloyd & Edwards, 1987) . Furthermore, recent studies on changes in lipid metabolism following a temperature shift-down have suggested a role of temperature compensation of membrane fluidity during low-temperature adaptation in A.
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On: Sat, 29 Dec 2018 00:58:10 S. V. A V E R \ ' , J . L. HAR\X'OC>D a n d D. 1.1,OYD custe/lanii (Jones e t al., 1991 (Jones e t al., , 1993a . Homeoviscms adaptation, the maintenance of a particular physical si:ate of membranes, has been described in many divcrse organisms in response to chilling and is implicated as being a prerequisite for the maintenance of certain cellular processes at low temperature, e.g. the activities of membrane-associated enzymes and transport prott ins (Hazel 8( Williams, 1990) . However, despite the extensive literature detailing the biochemistry of temperatureinduced changes in lipid metabolism, surprisingly few studies have sought to establish a relationship between these adaptations and changes in physiological function.
In A. casfe//unii, a very rapid change in lipid metabolism, characterized by increases in the proportions of 18-C and also 20-C polyunsaturated fatty acids, is evident within 10 min of chilling late-exponential-phase cultures from 30 "C to 15 "C (Jones e t al., 1991 (Jones e t al., , 1993a . These adaptations have been attributed primarily to the induction of the microsomal A1 2-desaturase, which catalyses the conversion of oleate to linoleate on complex lipid substraires (Jones e t al., 1993a) . It has been observed that an approximate 10 h lag in cell division, following tetnperature shift-down in A. castellanii, corresponds to the time required for the completion of membrane-lipid modifications and it was suggested that these alterations may be needed for the resumption of cell division at the lower temperature (Jones e t al., 1991) .
Recent studies with A. castellanii have revealed that increases in lipid unsaturation similar to those observed during chilling of the organism occur after inoculation (Df late-exponential-phase cells into fresh medium at 30 "C (Avery et al., 1994) . In this case, large increases in the proportions of polyunsaturated fatty acids during earlyexponential growth in batch culture, followed by decreases in lipid unsaturation during late-exponential growth, are entirely independent of temperature. Thus, two separate parameters elicit similar responses in the lipid metabolism of A. castellanii, suggesting that the organism may serve as a useful model for distinguishing those adaptations that are a direct response to temperature shift-down, from those that constitute a more general cellular response to environmental changes.
The purpose of the present study was to determine whether differences in the degree of lipid unsaturation a t different stages of growth influence low-temperaturtinduced adaptations of membrane lipids and physiologica-1 function in A. castellanii. Measurements of fatty acid composition, [ 1 -"C]acetate incorporation and A1 2-desaturase activity were used to determine the effect of chilling on lipid metabolism in cultures of different ages. Further experiments sought to relate these observations t o physiological activity, determined through measurements of cell division, whole cell oxygen uptake and phagocytosis, both before and after chilling of mid-and late-exponential-phase cultures. The major conclusions are that unlike rates of oxygen uptake and cell division, phagocytotic activity is markedly influenced by the degree of f:itty acid unsaturation.
METHODS
Organism and culture conditions. Acanthamoeha castellanii was grown in PGY medium, containing (%, w/v): Difco protcose peptone, 0.75; Oxoid yeast extract, 0.75; glucose, 1.5. Cultures (200 ml in 500 ml Erlenmeyer flasks) were inoculated with 48-hold organisms, to give an initial cell density of approximately 2 x 10' ml-', and were incubated at 30 "C with rotary aeration at 200 r.p.m. For temperature-shift experiments, flasks were placed in an ice slurry and cultures were agitated using a magnetic stirrer. After approximately 4.5 min, when the temperature of the cultures had decreased to approximately 15 "C, the flasks were transferred to a shaking incubator (200 r.p.m.) and incubated at 15 "C. Samples for lipid analysis were harvested by centrifugation for 1 min at 750g. To examine the influence of chilling on cell division, cells from cultures of the appropriate age were inoculated (to approximately 2 x 10" cells m1-l) into fresh medium at 15 "C and incubated as described above.
Cell numbers were determined using a Fuchs-Rosenthal haemocytometer slide, after appropriate dilution with distilled water: more than 1200 cells were counted in each sample. Dry weights were determined using pre-weighed tared foil cups, dried t o a constant weight at approximately 100 "C. was added directly to 200 ml culture of the appropriate age. Cells (5 ml) were harvested at the specified intervals.
Microsomal A12-desaturase activity was determined by measurement of the conversion of oleate to linoleate in isolated microsomal membranes, using [ 1 -'4C]oleoyl CoA as a radiolabelled precursor, as described previously (Jones et a/., 19032) .
Lipid analyses. Lipids were extracted using the method of Bligh & Dyer (1959) as modified by Griffiths & Harwood (1991) . For fatty acid analysis, methyl esters were generated by acidcatalysed methanolysis [2.5 YO (v/v) H,SO, in methanol] at 70 "C for 2 h. After extraction with light petroleum (b.p. 60-80 "C), aliquots of methyl esters were analysed by radiogas-liquid chromatography. Heptadecanoate was used as an internal standard. Separations were routinely achieved using 10 O/O SP-2330 on 100/120 Supelcoport (Supelco) packed into a glass column [1*5 m x 4 mm (i.d.)]. Fatty acids were identified by comparison with authentic standards and had been fully identified previously (Jones et a/., 1991) . Fatty acids were quantified using the method of Carroll (1961) or by using integrating software (Lab Logic).
Radioactive counting. Radioactivity in separated fatty acids was estimated in a gas-flow proportional counter (Lab Logic) after catalytic conversion to I4CO,. For total counts, samples in Optifluor (Packard) were analysed using a LKB 1209 Rackbeta liquid scintillation counter. The counts were corrected for background and for quenching using an external standard ratio method.
Measurement of oxygen uptake. Oxygen uptake rates by /I. caste//anii cultures were measured both prior to and at appropriate intervals after chilling, using a Rank oxygen electrode linked to a Kipp and Zonen potentiometric recorder. Rates were determined when constant at either 30 "C or 15 "C. The chamber volume used was 3 ml and calibration was by means of airsaturated distilled water; oxygen solubility values at both assay temperatures (237 and 315 pM 0 , at 30 "C and 15 OC, respectively) were obtained from Golterman (1 969).
Phagocytosis assay. Undiluted culture samples (0.9 ml) were transferred to 1.5 ml microcentrifuge tubes and incubated with shaking (200 r.p.m.) at 30 "C or 15 "C, in either the absence or Temperature-induced changes in A. castellanii presence of 12-5 mM sodium azide. After 5 min equilibration, 100 p1 fluorescently labelled yellow-green latex microbeads (1.0 pm t i l a m . ; Polysciences) were added to the tubes to a final concentr'ition of approximately 5 x lo7 beads ml-'. After 15 min incubation with latex beads, phagocytosis was stopped by dilution of the cell plus bead suspension to 10 ml with buffer (100 mhl mannitol, 15 mM NaH2P0,.2H,O, pH 7.2 adjusted using 2 A1 NaOH) at 4 "C. Cells were separated from free beads by centrifugation for 1 min at 750g, and the bead-containing supernat'int was discarded. The cell pellet was resuspended in 1 ml bufl-er and maintained a t 4 "C until analysis. All samples were aniilysed within 24 h ; control experiments confirmed that no loss o f beads from cells occurred during storage at 4 "C for up to 1 \\reek.
Cells were analysed for fluorescent beads using a flow cytometric method :idapted from Steinkamp e t al. (1982) . Sample analysis was performed using a Skatron Argus flow cytometer. Photomultiplier voltages were 200 and 375 V, and gain settings were 1 *O and 4.0, for forward-angle light scatter and fluorescence, respecti \.ely. Green fluorescence signals were collected using an Argus FITC filter block. Fluorescence histograms were gated by foru,ard-angle light scatter so that only data for cellassociated fluorescence were presented ; noise and fluorescence from rc\idual free beads that had not been taken up by the cells were n o t recorded. A typical histogram contained data from approximately 30000 cells, measured at a flow rate of 5-10 p1 min-'. ' The proportion of cells that had taken up fluorescent beads, 21s well as numbers of cells under each peak of fluorescence (the intensity of fluorescence of each peak being linearl! related to the number of beads taken up), were obtained by appropriate adjustment of cursors on the fluorescence histogram. The latter value allowed calculation of the total numbc.1-of beads taken up by a sample of cells. The mean numbcr o f beads bound to the cell surface was obtained from fluorescence histograms of cells incubated in the presence of sodium azide. These values were subtracted from those obtained for cells incubated in the absence of sodium azide, to give the mean number of phagocptosed beads. by approximately 7 YO, in the 12 h after chilling of cells in the late-exponential g r o w t h phase (36 h). After 12 h, the proportions of oleate and linoleate in these cells (Fig. l c ) were similar t o those observed in 12 and 24 h cultures both before and after chilling (Fig. l a , b) . Temperaturedependent changes in fatty acid composition were most marked in stationary-phase cultures, where the degree of fatty acid unsaturation at 30 "C was lowest. I n the 12 h period after chilling, oleate in 48, 60 and 72 h cultures decreased from approximately 44% t o about 20% as a proportion of total cellular fatty acids, while linoleate increased from approximately 8% t o about 30% (Fig. Id-f). T h e final levels of oleate, and particularly linoleate, 12 h after chilling of stationary-phase cultures were higher than those observed in early-and mid-exponential cultures.
RESULTS

Effect
Effect of chilling on labelling of individual fatty acids from [lJ4C]acetate in A. castellanii cultures of different ages
T h e de novo synthesis of fatty acids was examined in 1,abelling of oleate at 30 "C increased markedly in cultures older than 24 h. However, whereas chilling of 12 and 24 h cultures resulted in approximate 3.4 YO and 6.4 % increase:; in labelling of oleate as a proportion of total labelled fatty acids, respectively, the relative labelling of oleate was decreased following chilling of 36-72 h cultures (Table 1) . The effect o f culture age and chilling on radiolabelling of linoleate showed the opposite trend to that of oleate. The proportion of [ 1 -'"C]acetate incorporated into linoleate at 30 "C decreased approximately 40-fold with ageing of cultures from 12-72 h, with the most marked transition in the degree of labelling occurring between 24 and 36 h. Conversely, at 15 "C labelling of linoleate was generally highest in stationary-phase cultures ; chilling resulted in a decline in the labelling of linoleate in early-and midexponential-phase cultures, whereas incorporation of radioactivity into linoleate was increased between 1 *7-fold (36 h) and 33-fold (72 h) following chilling of older cultures. The decline in linoleate labelling in chilled exponential-phase cultures probably reflects a lower overall rate of cellular metabolism at 15 OC, and accentuates the stimulatory effect of chilling on linoleate synthesis in older cultures. The proportion of [ l -"Clacetate incorporated into the 20-C polyunsaturated fatty acid eicosadienoate was lower than that of oleate and linoleate, but showed similar trends to linoleate, i.e. labelling of eicosadienoate decreased following chilling of 12 and 24 h cultures, but increased following chilling of late-exponential-and stationary-phase cultures of A.
castellanii (Table 1) . Since linoleate is a precursor of this (n-6) fatty acid, such a result was to be expected.
Effect of chilling on microsomal Al2-desaturase activity in A. castellanii cultures of different ages
As the most marked growth-and temperature-dependent changes in lipid unsaturation of A. castellanii were evident in the relative levels and synthesis of oleate and linoleate, the influence of chilling on microsomal A12-desaturase activity, which catalyses the desaturation of oleate to linoleate in A. castellanii (Jones e t al., 1993a ) was examined in cultures at different stages of growth. Desaturase activity was examined both before and 1 h after chilling of cultures from 30 "C to 15 "C. The protein content of microsomal membranes as a proportion of membrane dry weight was found to vary significantly with culture age and temperature. Thus, in order to eliminate any variability in calculated enzyme activities attributable to changes in the protein : lipid ratio, desaturase activity is expressed as [mg (dry wt) membrane]-'. The values for desaturase activity, determined under optimal assay conditions in vitro, actually underestimate the true activity because the desaturation of endogenous substrate occurs simultaneously and accounts for over 90% of the total desaturation (Jones et al., 1993a) . A12-Desaturase activity was maximal in early-and mid-exponential-phase cultures at 30 "C, at around 1200 pmol (mg membrane)-' h-', but declined by approximately 5 0 % between 24 and 36 h growth (Fig. 2) . Induction of A12-desaturase activity was evident when late-exponential-and stationary-phase cultures were chilled to 15 "C. Chilling of 36 h cultures resulted in an approximate 60% increase in measured A12-desaturase activity, while maximal induction was evident in 60 h cultures where desaturase activity in isolated microsomal membranes from chilled cultures was approximately 145 ' / o higher than in those from cultures maintained at 30 "C (Fig. 2) . In contrast, no induction of desaturase activity was evident after chilling of 12 and 24 h cultures, and measured rates of oleate desaturation were maintained at relatively high levels in these cases.
Influence of chilling on cell division in 24 and 48 h cultures of A. castellanii
The effect of chilling on cell division in cultures of different ages was examined to determine whether differences in the degree of lipid unsaturation at 30 O C , and in the subsequent lipid modifications at 15 OC, influenced the __ abilit!, of cells to resume cell division at the lower temperature. After resuspension of cells from 24 h (high degree of unsaturation) and 48 h (low degree of unsaturation) cultures in fresh medium at 15 "C, and incubation with shaking at 15 "C, a lag in cell division occurred in both cases (Fig. 3) . No increase in cell numbers was evident in the initial 9.5 h of incubation at 15 "C, whereupon cells began to divide exponentially with doubling times of approximately 25 h and 21 h in cultures originally grown at 30 O C for 24 and 48 h, respectively. In both cases, a temporary cessation in cell division occurred approximately 24 h after incubation at 15 "C, at which stage cell numbers had increased by approximately 63 '/ o in both treatments. After approximately 36 h, cell division resumed and a doubling in total cell numbers, from that present in the original inoculum at 15 "C, was evident after approximately 40 h incubation at 15 "C in both cases. The cell division times estimated from cell counts obtained between 48 and 60 h after chilling, were approximately 33-0 and 34.8 h in cultures originally grown at 30 "C for 24 and 48 h, respectively (Fig. 3) . These Similar results to those described above were also obtained following chilling of 12, 36 and 60 h cultures (results not shown). A longer initial lag in cell division, observed after chilling of 72 h cultures, was not related to lipid content but was probably a consequence of prolonged incubation in stationary phase at 30 "C (Byers e t al., 1991), as little difference in the fatty acid composition of 48, 60 and 72 h cultures was evident.
Influence of chilling on oxygen uptake and phagocytosis in 24 and 48 h cultures of A. castellanii
The effect of chilling on rates of oxygen uptake and phagocytosis was examined to see if any relationship could be detected between lipid unsaturation and physiological function in A. castellanii. The rate of oxygen uptake at 30 "C was approximately 5 5 % higher in 24 h cultures, at approximately 18.0 nmol 0, (1 O6 cells)-' min-l, than in 48 h cultures (Fig. 4a) . Within 5 min of chilling cultures to 15 "C, rates of respiration (determined at 15 "C) were reduced by approximately 73 % and 64 '/o in 24 and 48 h cultures, respectively. Respiration rates at 15 "C were similar in both cases, and remained approximately constant between 4 and 5 nmol 0, (10' cells)-' min-l, over the 12 h incubation period subsequent to chilling (Fig. 4a) .
Rates of phagocytosis of 1 pm latex beads were also determined both prior to, and at intervals for up to 12 h after chilling from 30 "C to 15 "C of 24 and 48 h cultures (Fig. 4b) . In contrast to respiration, phagocytosis at 30 "C was lower in 24 h cultures [at approximately 7. rates of phagocytosis in the younger cultures increased slightly from approximately 4.1 to 4.9 beads (100 cells)-' min-l. In contrast, although the rate of phagocytosis remained relatively constant in the initial 3 h after chilling of 48 h cultures, an approximate 11-fold increase was observed in the subsequent 9 h and the rate of phagocytosis 12 h after chilling was approximately 4.6 beads (100 cells)-' min-l (Fig. 4b) .
The latter results were correlated with values for the fatty acid unsaturation index (mean number of double bonds per fatty acid) calculated at various intervals after chilling o f 2 4 and 48 h cultures. Initially, the unsaturation index values for 24 and 48 h cultures at 30 "C were approximately 2.15 and 1.76, respectively (Fig. 4c) . However, while no discernible change in the unsaturation index of 24 h cultures was evident in the 12 h period after chilling, that of 48 h cultures increased to approximately 2.04 within 2 h and to approximately 2.1 8 after 12 h incubation at 15 "C. This latter value was similar to that of 24 h cultures both before and after chilling (Fig. 4c) .
DISCUSSION
Increases in the degree of membrane lipid unsaturation following exposure of organisms to lowered temperature have been widely documented and it is generally considered that a resultant increase in membrane fluidity (or an approximate maintenance of fluidity if measured at the ambient temperature) enables the organism to adapt physiologically to low temperatures. The results presented in this study indicate that adaptations in lipid metabolism to decreased temperature in the poikilothermic protozoon Acanthamoeha castellanii are markedly dependent on growth phase. In agreement with previous studies which examined late-exponential/early stationaryphase (40 h) cultures (Jones ef al., 1991 (Jones ef al., , 1993a , a rapid increase in fatty acid unsaturation resulted when 36-72 h cultures at 30 "C were chilled to 15 "C. The changes in the proportions of oleate and linoleate in these older cultures occurred more rapidly than described previously (Jones rf al., 1991) . This was probably because, by initially immersing flasks in an ice slurry, the lower temperature was attained in less than 5 min in the present study, whereas in previous studies it took 1 h. Previous studies have shown that growth- (Avery et al., 1994) and temperature- (Jones e t al., 1993b) induced changes in fatty acid composition are similar in whole-cell homogenates, plasma membrane, mitochondria1 and microsomal membrane fractions of A.
castellanii. Therefore, the present results cannot be accounted for by changes in lipid composition during membrane flux. The enhanced relative synthesis of unsaturated fatty acids at low temperature, measured as an increase in A12-desaturase activity and a greater incorporation of radioactivity from [ 1 -"C]acetate into polyunsaturated fatty acids, was only evident in lateexponential-and stationary-phase cultures. In early-and mid-exponential-phase cultures, no induction of fatty acid desaturation was apparent and the high degree of fatty acid unsaturation already in place in these young cultures was maintained at an approximately constant level in the 12 h subsequent to chilling. The growth-dependent changes indicate that temperature cannot be the sole ' messenger ' that controls desaturase activation/synthesis in A. castellanii. However, the present results do not exclude many of the proposed mechanisms of desaturase induction, e.g. changes in rates of transcription of the gene encoding for the A12-desaturase in response to decreased membrane fluidity (Vigh etal., 1993) , or control of desaturase activity by dissolved oxygen concentration, particularly as this latter parameter is affected by both culture growth and temperature change (Arneborg et al., 1993; Avery e t al., 1994) . It should be noted, however, that in Escherichia coli temperature can affect the degree of fatty acid unsaturation in the absence of any incidental changes in dissolved oxygen or growth rate (Arneborg e t al., 1993).
Several workers have noted a lag in cell division following dilution of micro-organisms into fresh medium at lower temperature (Nozawa & Kasai, 1978; Ferrante e t a/., 1983; Drebot e t al., 1987; Hudson, 1993) , and in certain cases this has been attributed to changes in membrane properties. Using freeze-fracture electron microscopy Nozawa & Iiasai (1978) demonstrated that the time taken for membrane particles to return to their normal homogeneous distribution following chilling of Tetra/ymenu pyrzjiormis to 15 "C, coincided with that for the resumption of cell division. An approximate 10 h lag in cell division Temperature-induced changes in A. castellanii -following chilling of late-exponential/early-stationaryphase cultures of A. castellanii was also correlated with the time reyuired for the completion of most of the temper<iture-dependent changes in fatty acid composition (Jones rt a/., 1991) . The growth-dependent differences in temper<iture-induced membrane lipid adaptations of A.
castellati// reported here, provide a good system for determining whether physiological effects of chilling are directl! related to changes in the degree of unsaturation of membrme lipids. If increases in fatty acid unsaturation genuincli do enable organisms to adapt physiologically and resume cell division at low temperature, then it follows that mid-exponential-phase cells of A. castrllanii would be able to adapt more rapidly to a decrease in temper'iture (because of their higher unsaturated fatty acid content) and perhaps be more tolerant to chilling stress, than stationary-phase cells. However, in the present study, dilution of cells from 24 h (high degree of fatty acid unsatur,ition) and 48 h (low degree of fatty acid unsaturation) cultures into fresh medium at 15 "C resulted in a lag in cell division of approximately 9.5 h in both cases. Furthermore, the subsequent pattern of cell division and final cell \rield after 60 h in both cultures were very similar. Thus, in contrast to previous suggestions, the initial lag in cell division seen on chilling of A. castellanii is not related to fattj acid composition. In fact, any effect that lipid composition could have on the process is masked by other factors \uch as, for example, cold-shock changes in metaboli4m.
Interestingly, a further lag in cell division was evident approximately 14 h after the initial resumption of cell division a t 15 "C, suggesting that some degree of cellcycle s~nchrony may have been induced under the conditic m s described. Production of synchronous cultures of ,4. ctrstellanii using cold shock has been described previouily (Neff & Neff, 1964) . The proposed mechanism of synchrony involves the disorganization of cortical structures, which develop during the cell cycle and must be completed before cell division can take place, so that cells are essentially rejuvenated to the earliest stage of the cell cycle following temperature shock (Zeuthen, 1964) . Howevcr, the second lag observed here occurred after a doubling o f only approximately 63 % of the cells present in the original inoculum, suggesting that either the complic'ited growth kinetics may not be solely attributable to synchronous cell division, or that approximately 37% of' the cells initially present were much more susceptible to cold-shock than the remainder. It is interesting that this latter figure correlates with the 37-47 9,) o f cells estimated to be present in the G, phase of the A. ru.rtel/anii cell cycle (Edwards & Lloyd, 1980) , as differential sensitivity to cold and/or freeze-thaw shock is known t o occur at different stages of the cell cycle in E.
coli ( H o d p o n et al., 1992) and Saccharomyces cerevisiae (Cottrell, 1981) . These differences may be related to cell cycle-dependent changes in membrane fluidity (Cottrell, 1981) . I t is stressed, however, that estimates for the relative importance of different stages in the cell cycle of A. castr//litiii differ considerably according to the method of analysis employed (Stohr etal., 1987; Byers etal., 1991) .
It should also be emphasized that the second lag in cell division observed here occurred only 24 h after temperature shift-down, although the average cell doubling time of A. castellanii at 15 "C is approximately 35 h. Thus, it is also possible that temperature shock synchronizes cultures with respect to circadian (approximately 24 h) rhythmicity, and that an output of the circadian clock of A. castellanii is gating of cell division. It is interesting that numerous studies have suggested a role of membrane fatty acid composition in controlling the periodicity and temperature compensation of circadian rhythms (Mattern etal., 1982; Cote & Brody, 1987; Rikin etal., 1993) .
As with cell division, no marked difference in the effect of chilling on oxygen uptake in 24 and 48 h cultures was observed, suggesting that respiratory activity in A.
castellanii may also be independent of the degree of fatty acid unsaturation of membrane lipids. It is of interest to note that, in experiments with sycamore cell cultures, Bligny e t a/. (1985) found that the activity of respiratory enzymes was unaffected by large changes in fatty acid unsaturation. It may be that the equivalent proteins in A.
c a s t e l h i i are also similarly insensitive or, alternatively, that the inner mitochondrial membrane is sufficiently unsaturated to be unaffected by chilling to 15 "C. Indeed, it is well known that the inner mitochondrial membrane does have a high unsaturation index in many organisms (see White, 1973; Harwood, 1985) .
In contrast to cell division and oxygen uptake, phagocytotic activity in A. castellanii appeared to be closely related to the degree of fatty acid unsaturation of membrane lipids in the present study. A comparatively dramatic decline in the rate of phagocytosis was observed immediately following chilling of late-exponential/earlystationary-phase cultures, and a gradual subsequent increase in the rate of phagocytosis, to a final level similar to that of chilled exponential-phase cultures, coincided with a gradual increase in the fatty acid unsaturation index; little change in phagocytotic activity was observed in the 12 h subsequent to chilling of 24 h cultures, where the unsaturation index remained constant. Phagocytosis by A. castellanii is initiated by binding of a particle to the cell surface (Allen & Dawidowicz, l990), although binding of latex beads in the presence of sodium azide in our experiments showed little dependence on the degree of lipid unsaturation (results not shown). It therefore seems feasible to assume that the present observations were related to those properties of the plasma membrane which control its capacity to expand rapidly and invaginate during phagocytosis. To date, n o studies have demonstrated a direct correlation between plasma-membrane fluidity and phagocytotic activity, although Mattox & Thompson (1980) proposed that a decrease in the ability of T. pyrzformis to form food vacuoles in the presence of high Ca2+ was related to a decline in the fluidity of foodvacuole membranes. Although a high degree of fatty acid unsaturation was advantageous to A. castellanii for phagocytosis at 15 "C, this was apparently not the case at 30 "C where the rate of phagocytosis was greater in cells grown for 48 h. One possibility is that the lower rate of phagocytosis in exponential phase cultures at 30 "C was related to a higher degree of plasma-membrane fluidit!:/ disorder and to some degree of membrane instability in these cells. The activities of several membrane-bound enzymes and transport systems at high temperature has been observed to decline with increasing membrane fluidity (Keenan e t al., 1982; Hazel & Williams, 1990 (1990) , who demonstrated that phagocytosis caused rapid changes in the levels of certain cellular lipids, particularly phosphatid ylinositol. In the light of their observations, a role of phagocytotic activity in the control of inositol-mediated intracellular signalling pathways of A. castellanii was proposed by these workers.
Clearly, a relationship is evident between the rate of phagocytosis and the extent of fatty acid unsaturation of A. castellanii. In addition to controlling the ingestion of food particles at different temperatures, data from others (discussed above) indicate that phagocytotic activity may also be concerned with a potential cascade of events which leads to further alterations in the metabolic and/or physiological status of the cell. Further studies :ire required to investigate such possible relationships in .4. caste llanii. 
